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Abstract

High-resolution long-wave infrared imaging is critical for lunar mineralogy. However,
it must balance a large FOV, a small F-number, chromatic aberration correction, optical
efficiency, and system compactness. We introduce a push-broom multispectral imager
employing a collaborative integrated filter array and an off-axis two-mirror Gregorian
telescope. The system, utilizing an uncooled Vanadium Oxide detector, has an F-number
of 1.0, an IFOV of 0.04943 mrad, and a 2.90° x 2.83° FOV that covers eight bands ranging
between 7.38 and 14.3 um. Optical simulation confirms that the modulation transfer
function exceeds 0.25 at the Nyquist frequency of 42 Ip/mm, with a maximum RMS spot
radius of less than 12 um. The system has remarkable versatility within an operating
temperature range of 0 °C to 40 °C. Thermal background radiation analysis, stray light
analysis, and detection sensitivity were conducted, which indicated that the system has
good compliance with indicators and engineering feasibility. This high-throughput optical
design meets the rigorous criteria for lunar remote sensing and provides a reliable device
for site evaluation in future manned lunar missions.

Keywords: lunar remote sensing detection; multispectral imaging; long-wave infrared;
optical design

1. Introduction

Global deep space exploration is currently advancing into a new phase of develop-
ment. Consequently, the Moon has re-emerged as the primary focus for major spacefaring
nations due to its distinctive scientific significance and strategic relevance [1]. China is
progressing in the planning and execution of major future missions, including manned
lunar landings and the construction of lunar research stations. These missions necessitate
more detailed information about the lunar geological environment. Furthermore, they
require precise evaluations of the potential for in situ resource utilization [2—4]. In this con-
text, multispectral remote sensing imaging functions as an essential non-contact detection
technology. This approach can concurrently obtain both spatial and spectral data from a
target. Consequently, it serves as a fundamental method for the precise identification of
lunar surface material composition, the quantitative inversion of element abundance, and
the detection of physical states [5,6].

Among the different sections of the electromagnetic spectrum, the long-wave infrared
(LWIR) band plays an irreplaceable role in lunar exploration of geology and resources
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due to its unique physical detection mechanisms. The materials on the lunar surface
are predominantly composed of silicate minerals. The LWIR band directly correlates
with the vibrations of the silicate Si-O bond. Regarding the location of the Christiansen
feature (CF) peak, there is an inverse relationship with the degree of polymerization in
the crystal structure. Consequently, it becomes a plagioclase, a pyroxene, and an olivine
“fingerprint” [7-9]. Moreover, LWIR photons get volume-scattered by individual lunar
regolith particles. This allows them to go through the amorphous layer and the nanophase
iron accumulation layer caused by solar wind implantation. Therefore, LWIR imaging
effectively overcomes the problem of spectral reddening and feature attenuation caused by
space weathering effects. This capability is crucial for distinguishing highland anorthosite
and special silicic volcanic landforms in the context of mature lunar soil [10,11]. In addition
to chemical composition, the LWIR band contributes to inverting physical structures and
thermal environments. Thermal inertia and rock abundance data are derived from the
changes in a day’s radiation response. These data are not only a clock to figure out the
absolute geological age of young impact craters but also provide engineering evidence for
site selection for manned lunar landings [12-14]. Especially in polar exploration, the high
sensitivity of LWIR payloads at extremely low brightness temperatures is crucial. It is the
only method to map the temperature field of cold traps in permanently shadowed regions
and where water ice and other volatiles are stable. This capability directly supports in situ
resource utilization tasks for future international lunar research stations [15-17].
Throughout the history of lunar LWIR exploration, payload technology has gone
through a significant evolution from single-point scanning to wide-swath imaging. As early
as 1972, the Infrared Scanning Radiometer (ISR) onboard the NASA Apollo 17 mission
employed a Cassegrain telescope and a thermopile single-point detector. This instrument
obtained lunar surface nighttime temperature data for the first time in the 1.2 to 70 um
spectral range. It has a spatial resolution of approximately 2.0 to 2.6 km [18]. In 1994, the
US BMDO and NASA launched the spacecraft Clementine, which carried an LWIR camera.
This instrument uses a catadioptric optical system and a 128 x 128 HgCdTe focal plane array
directed at the 8.0-9.5 pm band. It succeeded in achieving early global thermal imaging
with a spatial resolution of about one hundred meters [19]. The Lunar Reconnaissance
Orbiter (LRO) Diviner radiometer, launched in 2009, is currently the global benchmark.
This instrument employs two off-axis three-mirror telescopes to cover different spectral
ranges. These include two solar reflectance channels from 0.35 to 2.8 pm, three mineralogy
channels from 7.55 to 8.68 um, and four thermal infrared channels from 13 to 400 um.
Its cross-track spatial resolution is approximately 160 m, which is no longer sufficient
for detailed geological surveys [20]. In order to solve the problem, the next generation
of lunar LWIR payloads is aiming for a higher resolution and smaller size. In 2015, the
JAXA Hayabusa2 spacecraft utilized its Thermal Infrared Imager (TIR) during a lunar
flyby. This instrument was equipped with an uncooled microbolometer. It successfully
acquired thermal radiation images of the Earth-Moon system over the 8-12 pum band
with a spatial resolution of 17 m [21]. The NASA Lunar Trailblazer mission carried the
Lunar Thermal Mapper (LTM). This payload utilized an off-axis three-mirror system and
an uncooled microbolometer. It aimed to retrieve surface temperature and composition
within the 6-100 pm band at a spatial resolution better than 70 m simultaneously [22].
Furthermore, the Chang’e-7 mission planned by China for 2026 will carry a wide-band
infrared imaging spectrometer. This instrument adopts a combined design of an off-axis
three-mirror telescope and a plane grating spectrometer. It will acquire hyperspectral
images in the 3.0-10.0 um range with a spatial resolution of 0.3 mrad or better and a
spectral resolution of 200 nm or better. This design addresses the challenge of meter-level
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mid-to-long-wave infrared imaging under the extremely weak radiation conditions of the
lunar south pole permanently shadowed regions [23].

Existing exploration missions have yielded significant scientific results. However,
the primary limitation of current global LWIR datasets remains their insufficient spatial
resolution. Developing the capability for higher spatial resolution LWIR imaging is now
a critical technical trend. Breakthroughs need to be achieved within the framework of
China’s lunar exploration project. To bridge this gap in detection capability, this paper
discusses an optical system design for an LWIR multispectral imager. This instrument is
intended for the planned Lanyue test spacecraft. This study systematically expounds upon
the working principles and design specifications of the instrument. It details the design
process, optimization methods, and performance evaluation results of the optical system.
These contributions provide a theoretical basis and a design scheme for the engineering
implementation of this high-performance imaging instrument.

2. Working Principle and Design Specifications

The selection of an imaging mode is the key to achieving high spatial resolution and
high Signal-to-Noise Ratio (SNR) spectral imaging of the lunar surface. Compared to staring
or whisk-broom imaging, the push-broom imaging mode uses the orbit of the space vehicle
to perform along-track integration. It does not require internal scanning mechanisms,
which possess inherent advantages such as structural stability, long integration times, and
a high SNR. Consequently, this system adopts the push-broom imaging mode. As for
the acquisition of spectral information, it is achieved with the integrated filter array. This
technology integrates narrow-band filter film arrays for different spectral bands on the
focal plane of the area array detector. These filters are positioned in close proximity to
the photosensitive surface. This configuration enables the synchronous acquisition of data
across multiple spectral channels. This scheme consolidates the spectral separation function
within the detector assembly. It can effectively avoid spectral mismatch problems caused by
platform jitter or target variations during dynamic detection processes. So, it can guarantee
the fidelity of the spectral information. The schematic diagram of the LWIR multispectral
imager is shown in Figure 1.

Orbiter Q/

L LWIR Multispectral Imager

Along Track

Figure 1. Schematic diagram of push-broom multispectral imaging system using integrated
filter array.

According to the mission requirements, to obtain multispectral images of the lunar
surface with a spatial resolution no greater than 5 m from a 100 km lunar orbit, the
instantaneous field of view (IFOV) must be better than 0.05 mrad. This specification allows
for the comprehensive design of technical parameters such as the system aperture, focal
length, and F-number. The system utilizes an uncooled Vanadium Oxide (VOXx) detector
(manufacturer: Zhejiang Dali Technology Co., Ltd., Hangzhou, China.) for the LWIR
multispectral band. This detector features a pixel size of 12 pym and an effective array size
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of 1280 x 1024. According to perfect imaging theory, the calculation formula for achieving
the diffraction-limited resolution is as follows:

GSDy;,  1.224
IFOV;;, = H’””: - 1)

Here, GSD represents the ground sampling distance. H represents the orbital altitude.
D represents the optical aperture. A represents the operating wavelength. The aperture
calculated for the minimum optical path is 240 mm. The selection of the focal length f for
the optical system primarily depends on the IFOV and the detector pixel size d.

d
f= Trov @

The optical aperture is designed to be approximately 240 mm. The F-number is
minimized to 1.0 to enhance light-collecting capability. Simultaneously, a certain margin
of redundancy is maintained for spatial resolution. These measures meet the engineering
application requirements and weight constraints.

The selected uncooled VOx detector has a maximum detection frame rate of 30 Hz. At
an orbital altitude of 100 km, an IFOV of 0.05 mrad corresponds to a subsatellite point dwell
time of 3.2 ms. Consequently, a detection frame rate of 320 Hz is required. Therefore, a fast-
steering mirror (FSM) is introduced to address the requirements for high-speed detection.
It performs image motion compensation. The FSM is an optical device positioned within
the optical path. Its actuator drives the mirror to rotate slightly around different axes based
on input control signals. This mechanism allows for the rapid and accurate adjustment of
the reflected light direction.

Calculations indicate that the image motion compensation range of the FSM is
£0.31 mrad. Therefore, the optical system design must increase the back working dis-
tance of the rear optical path. It must also ensure excellent image quality within the
compensation range of the FSM. Furthermore, the FSM employs piezoelectric ceramics as
actuators. This imposes significant restrictions on the aperture size. Typically, the major axis
must not exceed 110 mm. This constraint places specific requirements on the distribution
of optical power within the system.

In summary, this system adopts a multispectral imaging scheme comprising a common
aperture telescope, channel separation via a dichroic mirror, integrated filter arrays, and
image motion compensation using an FSM. The optical design specifications for this system
are presented in Table 1.

Table 1. Optical design specifications.

Parameter Specifications

Channel 1: 7.38 um + 200 nm
Channel 2: 7.8 um + 150 nm
Channel 3: 8.25 um =+ 150 nm
Channel 4: 8.65 um =+ 200 nm

Spectral Range Channel 5: 11.7 um + 300 nm
Channel 6: 12.3 um + 300 nm
Channel 7: 12.8 um + 500 nm
Channel 8: 14.3 um =+ 500 nm
Spatial FOV 2.90° x 2.83°
F-number 1.0
IFOV 0.04943 mrad
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Table 1. Cont.

Parameter Specifications

Swath Width 5.061 km @ 100 km orbit

1024 pixels x 1000 pixels
12.288 mm x 12 mm

Opto-mechanical Envelope Constraints 610 mm x 410 mm x 900 mm

Spectral Image Plane

3. Optical System Design

The design of the optical system is the major aspect that will give the instrument
the desired technical characteristics. The process starts with the selection of the system
configuration. Subsequently, it proceeds through the calculation of the initial structure,
material selection, optimization, and image quality evaluation. This chapter states the entire
design workflow and ends with the optical design result of the LWIR multispectral imager.

3.1. Comparative Analysis of Optical System Configurations

The selection of the optical system configuration requires a balance between major
technical specifications and engineering boundary conditions. Key technical indicators
include a large aperture, small F-number, large field of view (FOV), wide spectral band,
high image quality, and high efficiency across the entire spectrum. Engineering constraints
include the optomechanical structural envelope and feasibility.

Typical telescope configurations include transmissive, coaxial catadioptric, off-axis
three-mirror, and off-axis two-mirror types. The characteristics and functional compliance
of each optical configuration are presented in Table 2.

Table 2. Comparison of typical optical system configurations [24-28].

Configuration Layout Characteristics
==
=
Fabrication, coating, and thermal stability
I A / control for large-aperture transmissive
Transmissive elements present significant challenges.
Transmittance of common infrared materials is
unguaranteed in the LWIR band above 14 pm.
————————— 200 mm
/\ Difficult to fit large FOV requirements.
— é\ Central obscuration reduces mid-frequency
response and image contrast.
Coaxial L S— q\ Obscuration necessitates a geometric F-number
Catadioptric Ae— =2 of 0.81 to achieve an effective F-number of 1.0.

%%‘% . B This imposes strict requirements on aberration

II\L correction and tolerance control, resulting in
high engineering difficulty.

——————— 200 mm
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Table 2. Cont.

Configuration Characteristics
Simultaneously corrects spherical aberration,
coma, astigmatism, and field curvature over a
large FOV for high-quality imaging.
Off-Axis Significantly increases the complexity and cost

Three-Mirror

of design, fabrication, and assembly.
Large volumetric envelope hinders meeting
spaceborne lightweight and
compact requirements.

Off-Axis
Two-Mirror

A Unobscured design enhances optical efficiency
. and detection sensitivity.
Separation of the FOV and aperture stop allows
- stop placement at the primary focal plane for
(]\ effective stray light suppression.
b3 Open structural space facilitates lightweight
and compact designs.

500 mm

In summary, the off-axis two-mirror system offers an ideal solution for this mission.
Fundamentally, the off-axis application of a coaxial framework has its primary advantage
in the elimination of central obscuration. The resulting unobscured aperture maximizes
energy collection efficiency and the modulation transfer function (MTF). This enhancement
is critical for optimizing the sensitivity of weak thermal signals and resolving fine image
details. Additionally, the open structure makes it easy to fold the optical path for a compact
system. It also readily accommodates key components such as the FSM. Furthermore, the
separation of the FOV from the aperture stop inherently suppresses stray light to improve
radiometric measurement accuracy. Although fabrication and alignment are more complex
than in coaxial systems, modern manufacturing capabilities have removed significant
engineering barriers. Consequently, it is clear that the off-axis two-mirror configuration
provides the optimal technical solution for the stringent specification of this LWIR imager.

3.2. Initial Structure

The design employs an off-axis two-mirror Gregorian configuration. Unlike the
Cassegrain system, the Gregorian system utilizes a concave secondary mirror positioned
behind the primary mirror’s focal point. This layout offers a significant advantage: it forms
a real intermediate focus between the primary and secondary mirrors. This location is ideal
for placing a field stop to block out the stray light. Consequently, this feature is significant
for enhancing the instrument’s SNR and radiometric accuracy.

The design for the off-axis two-mirror Gregorian telescope starts with its corresponding
coaxial parent system. First, the structural parameters of the coaxial Gregorian parent
system must be solved to satisfy Gaussian optics and third-order aberration theory. For an
afocal Gregorian telescope, the angular magnification § is determined by the focal lengths
of the primary and secondary mirrors. The relationship is expressed as

__h
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This telescope is designed as a beam-reducing afocal telescope. Therefore, § must be
greater than 1. Since both the primary and secondary mirrors are concave, the conic constant
is less than 0. To obtain a high-performance initial solution, two standard paraboloids are
adopted as the design starting point. Their conic constants must satisfy k1 =k, = — 1.

The focal point of the primary mirror coincides with the focal point of the secondary
mirror. In this case, the distance between the primary mirror and the secondary mirror is
given by

d=fi+f2 4)

Due to satellite envelope constraints, the axial separation between the primary and
secondary mirrors must not exceed 450 mm. The relationship between the telescope
magnification and the semi-diameters of both the primary mirror and the first lens when
the separation between the primary and secondary mirrors is set to 450 mm is illustrated in
Figure 2. Off-axis designs inevitably introduce distortion. The corresponding distortion
curve is also provided in Figure 2.

300 10%

g —— Primary Mirror Semi-Diameter [D)=2 5
E —— Lens 1 Semi-Diameter :
E 250 [”|—#— £-0 Distortion _ 8%
g 200} g
Z 16% £
g 150 | %
o 149 A
£ 100 | @
9]
g s0f 12%
G '\I\.\.\.ﬂ

0 1 1 1 I 1 0%

0 1 2 3 4 5

Telescope Magnification (3)

Figure 2. Relationship between the semi-diameters of the primary mirror/Lens 1 and the magnifica-
tion and the f — 6 distortion vs. magnification curve.

Comparison indicates that a magnification of 2.5 balances the semi-diameters of the
primary mirror and the first lens. This setting minimizes f — 6 distortion and reduces
system tolerance sensitivity through the rational distribution of optical power between
the telescope and the rear optical path. Therefore, the initial telescope magnification is set
to 2.5. The off-axis system is derived from the coaxial parent system by introducing an
aperture offset perpendicular to the optical axis. As shown in Figure 3, a suitable off-axis
displacement is selected to ensure that the mirrors do not obscure the optical paths between
the primary mirror, intermediate focus, secondary mirror, and final focal plane. This
configuration achieves a completely unobscured optical system. The off-axis displacement
is typically set to 30% of the radius of curvature.

A
| pa)

= A

N/
/

—_—

—~

<

@ (b)

Figure 3. Initial structure of the off-axis two-mirror system: (a) coaxial parent system; (b) off-

axis system.
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3.3. System Optimization and Image Quality Evaluation

Post-optical path optimization must satisfy multiple concurrent constraints. Dichroic
thin-film technology is utilized for dual-channel spectral separation. Chalcogenide material
IRG204 (manufacturer: Hubei New Huaguang Information Materials Co., Ltd., Xiangyang,
China) is chosen, which minimizes absorption in the LWIR region and enhances transmit-
tance to ensure an acceptable total system efficiency.

The aperture stop is located on the front surface of the first IRG204 lens. This arrange-
ment accurately limits the beam aperture and FOV while reducing stray light interference.
Furthermore, it optimizes the angle of incidence to provide a foundation for aberration
correction in subsequent lens elements. The system design incorporates an extended back
working distance for the FSM that keeps a clear aperture of no more than 110 mm. A
refractive—diffractive hybrid scheme is employed to accommodate the wide spectral band
and broad operating temperature range on orbit. This design introduces a binary optical ele-
ment into the rear optical path of each channel to correct chromatic and thermal aberrations
inherent in the transmissive structures. The optimization principles are as follows:

1 J
771'21 hig; = ¢

1=
I hig;

5P )
i§1 Vi

99;

‘Z hiwe +higay =0

h; is the paraxial ray height at the i-th lens ¢; and ¢ represent the focal power of the
individual lenses and the total system respectively. v; represents the Abbe number of each
lens. ay, represents the coefficient of thermal expansion (CTE) of the mechanical housing
material. The term Zi denotes the rate of change of the focal power of the i-th element with
respect to temperature. For refractive elements and diffractive elements, this is respectively

doi _ (1 dmi
BT_(Pl<ni—1dT “’) ©)

99i _ T

Here, ; is the refractive index of the i-th refractive element, 22 37 isits thermo-optic coefficient,

given by

ng is the refractive index of the substrate material for the diffractive element, % is the
thermo-optic coefficient of the diffractive element’s substrate material, and «; is the CTE of
the optical material for the i-th element. Based on the design principles described above,
the resulting optical system configuration is illustrated in Figure 4.

To further suppress image quality degradation caused by non-uniform thermal expan-
sion of the opto-mechanical structure, an integrated opto-mechanical thermal management
design is implemented on the basis of the aforementioned optical athermal optimization.
For material selection, gradient matching of CTE is adopted to eliminate inter-component
thermal deformation mismatch. The telescope frame and primary /secondary mirror blanks
use the same 6061 T651 aluminum alloy. The rear optical path lens barrel, mount, and
retaining ring use titanium alloy TC4 with a CTE well-matched to IRG204. The FSM blank
uses SiC, and its mounting base uses low-expansion Invar 4J36. For structural design,
fiberglass thermal insulation pads are used to block non-uniform heat flux from the satellite
platform. Independent thermal control zones with isothermal plates are established for
temperature homogenization. Flexible support structures are designed to release internal
stress from non-uniform thermal expansion. For the thermal control strategy, the system
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combines closed-loop active temperature control, multi-layer insulation cladding, and high-
emissivity coating. The overall temperature gradient of the structure is limited to within
£1.5 °C. The temperature stability is limited to within £0.1 °C. This design effectively
ensures the imaging stability and detection accuracy of the system over the full operating
temperature range.

500 mm

———————— 200 mm 200 mm

(b) (€)

Figure 4. Optical layout of the LWIR multispectral imaging system: (a) isometric view; (b) Y-Z view;
(c) X-Z view.

The image quality of the optical system is evaluated with Zemax (version: Ansys
Zemax OpticStudio 2024 R1.00). The Root Mean Square (RMS) radii of the spot diagrams
across the full FOV are consistently smaller than the Airy disk radii at their respective
wavelengths. Figure 5 illustrates the MTF of the designed optical system under standard
temperature and pressure. Furthermore, Figure 6 shows the MTF in a vacuum at 0 °C
and 40 °C, while Figure 7 shows the simulated imaging results. These figures demonstrate
that the designed MTF values for all channels across the full FOV are at least 0.2. Conse-
quently, the imaging clarity is high and satisfies the system’s requirement for an MTF of 0.1
or greater.

For the optimized optical system, the wide spectral range makes lateral chromatic
aberration, field curvature, and distortion the primary off-axis aberrations. The design
results for lateral chromatic aberration are presented in Figure 8. Meanwhile, the field
curvature and distortion results are illustrated in Figure 9.
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505
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Spatial Frequency (Ip/mm) Spatial Frequency (Ip/mm)
(©) (d)
0.000°, 0.000° 1.415°,1.450° = -1.415°, 1.450°
1.415°,-1.450° = -1.415°-1.450° 1.000°, 1.450°
0.000°, 1.450° 1.000°, 1.450° == 1.415°,1.000°
~1.000°, 1.000° === 0.000°, 1.000° -1.000°, 1.000°

Figure 5. MTF curves of the optical design at room temperature and standard pressure (solid:
tangential; dashed: sagittal): (a) channel 1; (b) channel 4; (c) channel 5; (d) channel 7.

1
=3
505
0 0
0 84 168 252 336 42 0 84 168 252 336 42
Spatial Frequency (Ip/mm) Spatial Frequency (Ip/mm)
(a) (b)
I 1
505 T — ~ Sos
0082 168 252 336 42 20 84 168 252 336 42
Spatial Frequency (lp/mm) Spatial Frequency (lp/mm)
(c) (d)
0.000°, 0.000° 1.415°,1.450° == _-1.415°, 1.450°
1.415°,-1.450° = -1.415°,-1.450° 1.000°, 1.450°
0.000°, 1.450° 1.000°, 1.450° === 1.415°, 1.000°
1.000°, 1.000° === 0.000°, 1.000° -1.000°, 1.000°

Figure 6. MTF curves of the optical design in a vacuum at different temperatures (solid: tangential;
dashed: sagittal): (a) channel 4 at 0 °C; (b) channel 4 at 40 °C; (c) channel 7 at 0 °C; (d) channel 7 at
40 °C.

Figures 8 and 9 show that the maximum residual lateral chromatic aberration for all
channels is smaller than the Airy disk radius. The tangential and sagittal field curvatures
for all channels are below 0.03 mm. The system employs push-broom scanning and an FSM
for image motion compensation, which requires a linear relationship between image height
and FOV angle to ensure consistent cross-track pixel dwell time. Compared with f — tan 6
distortion, f — 6 distortion is defined as the deviation between the actual image height and
the ideal linear model. The optimized f — 0 distortion is below 2.5% across the full FOV. It
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ensures scanning rate uniformity and provides a basis for subsequent high-precision image

motion compensation and geometric calibration.

Figure 7. Simulated imaging results of the optical system in a vacuum over a wide temperature range:
(a) image by Lunar Orbiter 1 [29], the red square indicates the simulated imaging area; (b) channel 4
at 0 °C; (c) channel 4 at 40 °C; (d) channel 7 at 0 °C; (e) channel 7 at 40 °C.

1.45 | 1.45 |
1.2 | 1.2 |
C | Z |
< 08 < 08
2 | o |
— —
0.4 | 0.4 |
| |
0 0
-20 -16 -12 -8 -4 0 4 8§ 12 16 20 -20 -16 -12 -8 -4 0 4 8§ 12 16 20
Lateral chromatic aberration (um) Lateral chromatic aberration (um)
(a) (b)
— Shortest-Longest === Airy
Figure 8. Lateral chromatic aberration: (a) channels 1-4; (b) channels 5-8.
1.45 1.45 1.45 Y 1.45
1.2 1.2 1.2 " 1.2
5 08 5 08 5 08 5 08
[} [} [} [}
0.4 04 04 04
00— 0 0 '——- 0 —_—
-0.05 0 0.05 -5.0 0 5.0 -0.02 0 0.02 -5.0 0 5.0

Field Curvature (mm)

Distortion (%)

Field Curvature (mm)

Distortion (%)

(a) (b)

~— Channel 1/5 Channel 4/ 8

Channel 2 /6 ~ Channel 3/7
Figure 9. Field curvature and distortion: (a) channels 1-4; (b) channels 5-8.

A distortion calibration method integrating laboratory high-precision target calibration
and on-orbit natural feature point calibration is employed to quantitatively characterize
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and accurately correct full FOV distortion. With a high-precision point source target and
a precision electric rotary stage as the core, the system’s full FOV is covered at an equal
angular step of 0.1°. The actual coordinates of the target on the detector image plane under
different FOV angles are collected. Distortion errors are calculated based on the ideal f — 6
linear imaging model. A 4th-order binary polynomial is used to fit the full FOV distortion
law, and a coupling term for the x-axis deflection angle of the FSM is introduced to correct
distortion deviations induced by dynamic image motion compensation. Thus, a distortion
correction model can be established as follows:
4 4 . ;
Ax =Y, Zaij~9;-9]y+k7~'y
i=0j=0
i4 ®)
Ay =Y L by 056
i=0j=0
Here, 0, and 6, are the x-axis and y-axis FOV angles 4;; and b;; are polynomial fitting
coefficients. <y is the x-axis deflection angle of the FSM and k,, is its coupling coefficient,
derived from calibration experiments under different x-axis deflection angles. After pixel
resampling correction, the system’s full FOV distortion error is controlled within 0.2 pixels.
Model coefficients are updated regularly on-orbit using fixed lunar surface natural features
such as impact craters and rock mounds, ensuring that the geometric imaging accuracy
over the entire life cycle meets the requirements for fine lunar surface mineral detection.

3.4. Tolerance Analysis

Tolerance analysis is an important step to evaluate the feasibility of system processing
and alignment. The alignment of the telescope employs an interferometer to control the
outgoing wavefront quality of the afocal system. The alignment of the lenses in the rear
optical path uses a centering and edging process to control the coaxiality of each component.
The tolerance allocation scheme of each component is shown in Table 3.

Table 3. Tolerance allocation scheme for optical components.

Parameter Radius Thickness of Lens Thickness of Air Tilt Decenter Irregularity
Primary Mirror £0.5% £0.02 mm £0.02 mm / / 1/30 A
Secondary Mirror +0.5% £0.02 mm £0.02 mm / / 1/30 A
Telescope System / / / / / 0.15A
Dichroic Mirror / £0.02 mm 40.02 mm £0.03° £0.03 mm 1/10 A
Lens £0.5% £0.02 mm £0.02 mm +0.03° £0.03 mm 1/10 A
FSM / £0.02 mm £0.02 mm +0.03° £0.03 mm 1/10 A
Window / +0.01 mm +0.01 mm +0.03° +0.03 mm 1/15A
Filter / £0.01 mm £0.01 mm £0.03° £0.03 mm 1/15A

Tolerance analysis is performed using the built-in tolerance analysis module of Zemax,
with 1000 runs of Monte Carlo simulation carried out. The core evaluation metric for the
imaging quality of the system is the diffraction MTF at the Nyquist frequency of 42 Ip/mm.
As the primary and secondary mirrors are precisely aligned with an interferometer, the
relative decenter and tilt between the primary and secondary mirrors can be set as alignment
compensation terms together with the back focal length. The results of the Monte Carlo
analysis are presented in Table 4. The analysis results indicate that the probability of the
MTF value exceeding 0.34 and 0.20 is greater than 90% for channels 1-4 and channels 5-8,
respectively. Since the tolerance settings have reserved redundancy compared with the
actual machining and alignment capabilities, the actual on-orbit performance is expected to

https://doi.org/10.3390 / photonics13030282


https://doi.org/10.3390/photonics13030282

Photonics 2026, 13, 282

13 of 20

be superior to the values obtained from the Monte Carlo analysis. Thus, the system satisfies
the requirements of the design specifications.

Table 4. Monte Carlo simulation results.

Channels Channels 1-4 Channels 5-8
Theoretical 0.43282858 0.25407724
90% > 0.34225591 0.20930668
80% > 0.36685272 0.22020476
50% > 0.39478381 0.24166101
20% > 0.43747673 0.25420132
10% > 0.44445589 0.25913806
Best 0.47302256 0.28468204
Worst 0.28727722 0.19505208

4. Performance Evaluation
4.1. Thermal Background Radiation Analysis

Infrared thermal background radiation’s transfer behavior in the optical system di-
rectly influences the accuracy of detection [30,31]. The complex layout of off-axis two-mirror
systems results in multi-reflection and multi-transmission coupling paths. This paper pro-
poses a radiation transfer algorithm integrating the Monte Carlo method with multiple
iterations. It achieves high-precision analysis of the system’s radiation characteristics.

Planck’s Law is the theoretical foundation for radiation transfer. According to Planck’s
Law, the spectral radiance of a blackbody at wavelength A and temperature T is

A 2
d>0:£><A><Q></22hC ! A )

Mmoo AT exp(hc> -1
kAT
Here, € represents the surface emissivity of the optical component, A represents the compo-
nent area, () represents the solid angle subtended by the optical system’s entrance pupil
at the component, and [A1, Ay] is the system operating wavelength band. The algorithm
adopts an importance sampling strategy to improve sampling efficiency. The total radia-
tion power of the system is defined as Pyy,;. The probability of the i-th component being
selected as the emission source is proportional to its energy weight: P; = Psyyrce—i/ Protal-
Both the emission and non-specular reflection directions of rays follow the Lambertian
cosine distribution. The probability density function for the angle 0 between the ray and the
surface normal satisfies f(0) = % cos 0. During the transmission process, Russian roulette

is introduced to simulate the contact of the light ray and the surface, which randomly
determines photon survival based on the reflectivity and transmittance of the components.

For practical optical mirrors, the model utilizes a hybrid Bidirectional Reflectance Distri-
bution Function (BRDF), which combines specular reflection with a 5% diffuse reflection
component to simulate scattering effects caused by surface roughness or contamination.
Finally, the stray radiation flux received by the detector is estimated by summing the energy
of rays that land on the photosensitive surface and satisfy the FOV constraints:

PS]/S Niotal
N L (rw) (10)
total j—1

chtray =

Here, Njo, is the total number of simulated rays and 7y is the detection function. If the
k-th ray is absorbed by the detector, 77; equals 1; otherwise, it is 0. This method effectively
handles multiple scattering in complex non-coaxial optical paths. It achieves high-precision
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prediction of thermal stray light levels. Table 5 shows the calculated radiant flux on the

detector from the thermal radiation of each optical component.

Table 5. Calculated radiant flux on the detector from thermal radiation of optical components.

Flux Increment

Channel Element Emissivity =~ Temperature (K) Flux Received (W) W) (+0.5 K)
Primary Mirror 0.02 313.15 837 x 1078 7.74 x 10710

Secondary Mirror 0.02 313.15 349 x 107 323 x 1078

Dichroic Mirror 0.02 308.15 1.20 x 10°8 1.14 x 10710

Lens 1 0.05 308.15 8.26 x 107 7.89 x 1078

Channels 1-4 FSM 0.02 308.15 244 x 107° 2.33 x 1077
Lens 2 0.05 308.15 1.56 x 10~ 1.49 x 10°

Lens 3 0.05 308.15 3.10 x 1074 2.96 x 107

Window 0.05 308.15 423 x 107* 4.04 x 107

Filter 0.05 308.15 484 x 10~* 462 x 107

Primary Mirror 0.02 313.15 3.90 x 1078 231 x 10710

Secondary Mirror 0.02 313.15 7.81 x 1078 4.63 x 10710

Dichroic Mirror 0.02 308.15 599 x 107 3.66 x 1077

Lens 1 0.05 308.15 3.06 x 107° 1.87 x 107

Channels 5-8 FSM 0.02 308.15 1.26 x 104 7.72 x 1077
Lens 2 0.05 308.15 229 x 1074 1.40 x 10°

Lens 3 0.05 308.15 5.25 x 1074 3.21 x 10

Window 0.05 308.15 722 x 1074 441 x 10

Filter 0.05 308.15 852 x 1074 521 x 107°

Channels 1-4 and 5-8 use the 7-9 pm and 11-15 um bands for estimation. Considering
the efficiency of the optical system, for a 300 K lunar target with an emissivity of 0.95,
the received signal radiant fluxes are 2.8884 x 10~* W and 3.8700 x 10~* W. Table 5
shows that the total thermal radiation from optical components is 1.4097 x 103 W and
2.4846 x 1073 W for the two bands. The primary radiation sources for both bands are the
filters, windows, and the nearest rear lenses. This aligns with the characteristics of uncooled
thermal detectors. Temperature sensitivity is approximately proportional to the radiant flux
contribution. When the temperature of the filter, the most sensitive component, increases
by 0.5 K, the total received radiant flux increases by 4.62 x 107® W and 5.21 x 107¢ W.
These increases account for 0.27% and 0.18% of the total flux. Although the system’s
thermal radiation creates a high background baseline, its primary sources are well-defined
and predictable with temperature. High-precision on-orbit radiometric calibration and
background subtraction can effectively separate target signals from instrument thermal
noise. This ensures that the quantitative detection accuracy meets design requirements
during on-orbit operation.

4.2. Stray Light Analysis

Stray light in optical systems generally falls into four categories: (1) direct illumination
from out-of-field light; (2) radiation from out-of-field light reflected by optical surfaces;
(3) radiation from out-of-field light reflected and scattered by mechanical structures; and
(4) ghost images and stray light formed by in-field light. Effective measures must be
taken during the structural design to limit each category. The first two categories are the
most harmful and require complete suppression. Lens hoods and baffles are employed
to eliminate them. As for the third category, field stops or internal vanes coated with
low-reflectivity materials are introduced. The fourth category is suppressed by controlling
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surface roughness tolerances and anti-reflection films. The schematic diagram of the stray
light suppression design is shown in Figure 10.

Baffle Vanes (Light Trap)
——

l—=z> ¢
=7
=

Anti-Glare Coating Baffle Field Stop at the intermediate
focal plane

Figure 10. Schematic diagram of the stray light suppression design method.

After designing the stray light exclusion of the opto-mechanical part of the system,
Point Source Transmittance (PST) is used to evaluate the stray light energy entering the
system [32]. PST is defined as the ratio of the irradiance E;(6) at the image plane to the
irradiance E;(0) at the entrance aperture, caused by a point stray light source at an off-axis
angle 0. Its mathematical expression is

E;(6,7)
PST = (0,0 (11)

PST was analyzed with TracePro (version: TracePro Expert 7.4.3). Table 6 shows
the surface parameter settings for each component. As a special reminder, the parameter
settings for PST analysis differed from those used in the previous thermal radiation analysis.
This was because conservative values were selected to provide specific margins for each
respective calculation. The results are presented in Figure 11.

Table 6. Surface parameter settings for PST calculation.

Component Wavelength Material Reflectivity =~ Transmittance = Absorptance  Scattering
Mirror Au 0.98 / 0.005 0.015
Dichroic Mirror ZnSe 0.97 / / 0.03
Rear Lens 7.8/ IRG204 0.015 0.97 / 0.015
Window 12.3 um Germanium 0.015 0.97 / 0.015
. . Side 1: 0.08 Side 1: 0.92
Filter Germanium — “g;q0 9. 0 Side 2: 1.0 / /
Structural Surface / 0.005 / 0.96 0.035
107 . . ; .
102k —=#— Channels 1-4 |
—=o— Channels 5-8
107 F 1
e 107 1
99
=100t -
107 1
107 + 1
10—8 1 1 1 1
0 20 40 60 80
Off-Axis Angle (°)

Figure 11. PST calculation results.
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Figure 11 shows that the PST result is below 1 x 10~ when the off-axis angle exceeds
7°. No significant enhancement in PST occurred within the 7° to 90° range. These results
indicate that the instrument possesses effective stray light suppression capabilities. It
successfully meets the detection requirements.

4.3. Detection Sensitivity Analysis

The LWIR multispectral imager employs an integrated filter array for spectral sepa-
ration. Coatings are applied to the rear surface of each filter to distribute light into four
spectral channels. A schematic of the coating design is shown in Figure 12.

100

—— Channel 1

Channel 1 /5 8oL q ( “ —ChannelZ_
= | —— Channel 3
% | ‘ —— Channel 4
Channel 2/ 6 g 60 ‘ \ Channel 57
] ‘ |
& ‘ Channel 6
E 40 + ‘ ‘ Channel 7 |
Channel 3/7 g “ ‘ —— Channel 8
= |
20t [
|
Channel 4/ 8 ‘
0 L 1 4 AN 1 1 1
6 8 10 12 14 16 18 20
Wavelength (um)
(a) (b)

Figure 12. Integrated filter array: (a) schematic diagram of the assembly structure; (b) spectral
transmittance curves.

Based on the requirements of the integrated filter array, 1024 pixels are used in the spa-
tial dimension. The designed spatial FOV is 2.90°. The spectral dimension uses 1000 pixels.
The designed spectral FOV is 2.83°. Ray tracing is performed by incorporating the optical
interface data of the uncooled VOx detector. For the four channels of each detector, the
number of effective pixels is approximately 627. Channels are isolated by 125 invalid pixels.
The allowable transition zone width between sub-channel filter films is approximately
0.5 mm, which is achievable with current manufacturing technology. The nominal Noise
Equivalent Temperature Difference (NETD) of the detector is below 50 mK (@f/1.0, 30 Hz,
300 K, full-pass). Manufacturers typically do not disclose parameters such as response
efficiency, integration capacitance, and dark current. Furthermore, the adjustable range for
integration time is very limited. These factors make it difficult to calculate system sensitivity
directly from the photoelectric conversion process. Instead, the sensitivity of the designed
payload is evaluated through comparison with existing equipment. Equivalent conversion
is conducted based on optical efficiency, F-number, target temperature, and measured
results from the XingHuan uncooled LWIR camera [33]. The conversion relationship is

oL
2 f/\ref Tref()t)ﬁd)\
X

oL
f/\sys Tsys ()\) ﬁd}\,

Psys
NETDgys = NETD,f X | =2 (12)

Fref

The estimated NETD values of each channel are listed in Table 7. The four channels
of each detector utilize 7-pixel, 9-pixel, 9-pixel, and 8-pixel binning respectively. After
binning, the NETD is below 0.4 K for all channels except the 14.3 um channel. This
specific channel is not subject to assessment requirements. These results meet the on-orbit
detection requirements.
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Table 7. NETD estimation results.

Center Wavelength (um)

Bandwidth (nm)  Optical Efficiency Pre-Binning NETD  Post-Binning NETD

(K) (@300 K) (K) (@300 K)
7.38 400 0.5581 0.9818 0.3711
7.8 300 0.5753 1.1791 0.3930
8.25 300 0.5633 1.1389 0.3796
8.65 400 0.5680 0.8197 0.2898
11.7 600 0.4671 0.6998 0.2645
12.3 600 0.4260 0.8037 0.2679
12.8 1000 0.3453 0.6214 0.2071
14.3 1000 0.1558 1.5984 0.5651

When calculating the optical efficiency, the following items were taken into comprehensive consideration: the
design spectrum of the reflective coating on the mirrors, the nominal substrate absorption rate of the lens materials
provided by the manufacturer, the design spectrum of the anti-reflection coating on the lenses, the design spectrum
of the dichroic mirror, the diffraction efficiency of the binary surfaces, and the design spectrum of the window
and filter.

5. Discussion

The optical system presented in this paper achieves a significant breakthrough in
the spatial resolution of LWIR imagers for lunar remote sensing. Existing payloads have
provided valuable data. However, their spatial resolution limits the identification of fine-
scale geological features of the lunar surface. The proposed system achieves an IFOV
of 0.04943 mrad, which is a ground sampling distance of less than 5 m at an orbital
altitude of 100 km. This represents a nearly 30-fold improvement compared to Diviner,
effectively bridging the observational gap between orbital remote sensing and in situ
detection. The selected spectral bands align precisely with the CF positions of lunar
silicate minerals. The combination of superior spatial and spectral resolutions significantly
mitigates spectral mixing effects caused by lunar regolith heterogeneity, thereby supporting
advanced scientific applications regarding the fine-scale identification and classification of
minerals across the global lunar surface.

This system employs a push-broom imaging scheme utilizing an integrated filter
array. To simultaneously satisfy requirements for a compact layout of the FSM and dichroic
mirror, large FOV, low F-number, high full-spectrum optical efficiency, chromatic aberration
correction over a wide spectral band, and athermalization over a wide temperature range,
the system adopts a configuration comprising an off-axis two-mirror Gregorian telescope,
dichroic mirror, infrared chalcogenide glass lenses, FSMs for image motion compensation,
integrated filter arrays, and uncooled VOx detectors. Comprehensive evaluations, includ-
ing image quality assessment, tolerance analysis, thermal background radiation analysis,
stray light analysis, and detection sensitivity analysis, demonstrate the excellent design
performance and engineering feasibility.

Further refinement is still required during the transition from the preliminary design to
the flight model phase. First, as no on-orbit flight record has been found for the IRG204 ma-
terial, rigorous environmental adaptability and radiation resistance tests will be conducted
to ensure its long-term stability. Second, as for the integrated filter array, strict control
over the transition zone width and alignment accuracy between channels is necessary.
Furthermore, spectral mismatch caused by platform jitter during dynamic detection must
be prevented to ensure the fidelity of spectral information. Finally, because of the system’s
off-axis configuration and the introduction of the FSM, a more comprehensive geometric
calibration scheme is required. On one hand, a boresight pointing model incorporating the
dynamic deflection of the FSM must be established, and the linear relationship between the
FSM control voltage and pixel displacement needs precise calibration to eliminate residual
geometric errors introduced by dynamic compensation. On the other hand, addressing
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the FOV separation characteristic introduced by the integrated filter array, high-precision
band-to-band relative position calibration is necessary. This ensures sub-pixel spatial co-
registration accuracy during multispectral data reconstruction, which is critical for the
subsequent quantitative inversion of lunar mineral spectra.

6. Conclusions

To achieve high-resolution lunar remote sensing in the LWIR band, this paper develops
a multispectral imaging system. The system utilizes push-broom scanning combined with
an integrated filter array. It consists of an off-axis two-mirror Gregorian telescope, a dichroic
mirror, rear lenses, FSM, and an integrated filter array. The FOV reaches 2.90° x 2.83°. The
detection spectrum ranges from 7.38 to 14.3 um. The system features an F-number of 1.0
and a spatial resolution of 0.04943 mrad. It utilizes 1024 x 1000 pixels, providing a swath
width of 5.061 km at an altitude of 100 km.

The maximum RMS spot radius across the full FOV is below 12.0 um. The MTF at
the Nyquist frequency of 42 Ip/mm is greater than 0.25. All design parameters meet the
specified requirements. Thermal background radiation analysis, stray light suppression
design, and detection sensitivity analysis were also performed. The results indicate that
the system has good compliance with indicators and engineering feasibility. It provides an
effective solution for mineral analysis near pre-selected landing zones for future manned
lunar missions.
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